The authors conducted a 10-year prospective cohort study of mortality in relation to white blood cell counts of 437,454 Koreans, aged 40-95 years, who received health insurance from the National Health Insurance Corporation and were medically evaluated in 1993 or 1995, with white blood cell measurement. The main outcome measures were mortality from all causes, all cancers, and all atherosclerotic cardiovascular diseases (ASCVD). Hazard ratios and 95% confidence intervals were calculated using Cox proportional hazards models with adjustment for age and potential confounders. During follow-up, 48,757 deaths occurred, with 15,507 deaths from cancer and 11,676 from ASCVD. For men and women, white blood cell count was associated with all-cause mortality and ASCVD mortality but not with cancer mortality. In healthy nonsmokers, a graded association between a higher white blood cell count and a higher risk of ASCVD was observed in men (highest vs. lowest quintile: hazard ratio ¼ 2.10, 95% confidence interval: 1.50, 2.94) and in women (hazard ratio ¼ 1.35, 95% confidence interval: 1.17, 1.56). In healthy smokers, a graded association between a higher white blood cell count and a higher risk of ASCVD was also observed in men (highest vs. lowest quintile: hazard ratio ¼ 1.46, 95% confidence interval: 1.25, 1.72). These findings indicate that the white blood cell count is an independent risk factor for all-cause mortality and for ASCVD mortality. * Male nonsmokers: n ¼ 22,908; male smokers: n ¼ 90,513; female nonsmokers: n ¼ 295,807; female smokers: n ¼ 28,226. y SD, standard deviation. z Obesity: 25 kg/m 2 ; hypercholesterolemia: 240 mg/dl; hypertension: systolic blood pressure, 140 mmHg, or diastolic blood pressure, 90 mmHg, or medication; diabetes: fasting blood sugar, 126 mg/dl, or medication. 1064 Jee et al. Am J Epidemiol 2005;162:1062-1069 by guest on September 14, 2016 http://aje.oxfordjournals.org/ Downloaded from * Elderly: 65 years; obesity: 25 kg/m 2 ; hypercholesterolemia: 240 mg/dl; hypertension: systolic blood pressure, 140 mmHg, or diastolic blood pressure, 90 mmHg, or medication; diabetes: fasting blood sugar, 126 mg/dl, or medication. White Blood Cell Count and Mortality 1065 Am J Epidemiol 2005;162:1062-1069 by guest on September 14, 2016 http://aje.oxfordjournals.org/ Downloaded from * Adjusted for age, age 2 , obesity, hypercholesterolemia, hypertension, diabetes, alcohol drinking, exercise, and amount of smoking for smokers only. y ASCVD, atherosclerotic cardiovascular diseases.
The white blood cell count is an integrated indicator of inflammatory stimuli on both acute and chronic time frames. It is elevated acutely by infection and other stresses and chronically by irritative or toxic exposures, such as tobacco smoking. Although the white blood cell count is variable from day to day (1), a single measurement has been shown to predict risk for death and for specific diseases, including cancer and cardiovascular diseases (2, 3) . Elevation of the white blood cell count may reflect the underlying disease process, and white blood cells may play a role in the pathogenesis of injury; an elevation of the white blood cell count may also be a consequence of the development of disease. Perhaps because of the nonspecificity of the white blood cell count, it has been shown to predict risk for multiple diseases.
Several studies over the last three decades have shown a positive and independent association between white blood cell count and risk for coronary heart disease (3) (4) (5) (6) (7) (8) , stroke (4, (9) (10) (11) , and all-cause mortality (7, (12) (13) (14) (15) . These associations have been found with control for potential confounding by other factors, including smoking and other cardiovascular risk factors. The white blood cell count has also been found to be predictive of mortality from cancer in some, but not all, studies (7, (16) (17) (18) . The evidence largely comes from studies in Western countries, leaving uncertainty as to the generalizability of the findings. The association of the white blood cell count with mortality or morbidity could be different in Asian people, particularly because Asian men have high smoking rates and women generally have low smoking rates, less than 5 percent (19) .
We are conducting a prospective cohort study of the causes of cancer in a cohort of 1.3 million Koreans, the Korean Cancer Prevention Study. The participants were initially identified by their participation in a routine clinical examination carried out by the National Health Insurance Corporation (20) . Of the 1.3 million, over 430,000 had a measurement of white blood cells in 1993 and/or 1995. In this paper, we address the relation between the level of white blood cell count and the risk for mortality in this subgroup of the Korean Cancer Prevention Study.
MATERIALS AND METHODS

Study participants
The Korean Cancer Prevention Study is a cohort study designed to assess risk factors for mortality and morbidity from all causes, atherosclerotic cardiovascular diseases (ASCVD), and cancer, as well as medical morbidity. This analysis is based on a subset of Korean Cancer Prevention Study participants having a white blood cell measurement. The development of this cohort from participants in the Korea Medical Insurance Corporation has been described elsewhere (21) . In brief, the cohort was selected from government employees, teachers, and their dependents who were members in 1992-1995, had at least one routine medical examination, completed a health and lifestyle questionnaire during that time, and were 30 years of age or older. All insured workers are required to participate in biennial medical examinations, while their dependents participate on a voluntary basis. In 1992, 94 percent of the insured workers completed the biennial examinations; a total of 95 percent completed the biennial examinations in 1994. For dependents, the percentages were 37 percent in 1993 and 24 percent in 1995. In 1993 and 1995 only, a blood sample was obtained from dependents for measurement of white blood cells.
The full Korean Cancer Prevention Study cohort includes 1,329,525 Koreans (846,907 men and 482,618 women) from 30 to 95 years of age who met the above selection criteria. Of the study participants, 784,870 (59.0 percent) were enrolled in 1992, 367,903 (27.7 percent) in 1993, 98,417 (7.4 percent) in 1994, and 78,335 (5.9 percent) in 1995. Of the 1,329,525 participants, 3,719 who reported a history of any form of cancer at enrollment and 1,483 who died from cancer before the start of follow-up were excluded. We further excluded the following numbers of participants because of missing information: 9,619 on alcohol drinking, 17,108 on fasting serum glucose, and 16,920 on weight or height. The final sample size for the full Korean Cancer Prevention Study was 1,283,112. For this analysis, we restricted the sample to the 438,500 (34.1 percent) for whom the white blood cell count had been measured.
Data collection
The biennial examinations followed a standard procedure and were conducted by medical staff at local hospitals. The completed questionnaires were reviewed and edited by trained staff and then entered into a database. The data were edited further before analysis. On the 1992, 1993, 1994, and 1995 questionnaires, participants were asked to describe their smoking habits, along with other health habits including alcohol consumption. Total daily alcohol consumption was expressed as the number of glasses per week, expressed in relation to Korea's most popular alcoholic beverage, ''soju.'' One glass of soju contains about 12 g of ethanol. Participants were also asked to report if they exercised regularly with the question, ''Do you do regular exercise?''.
The white blood cell counts were quantified by automated blood cell counters (Beckman Coulter, Fullerton, California) in hospital laboratories, and cell counts are expressed in Système International d'Unités (3 10 9 cells/liter). Differential white blood cell determinations were not performed. Fasting serum glucose, total serum cholesterol, and liver function tests, including alanine aminotransferase and aspartate aminotransferase, were measured under fasting conditions for routine clinical purposes. Each hospital had internal and external quality control procedures directed by the Korean Association of Laboratory Quality Control.
The follow-up period for the full cohort was up to 11 years from January 1, 1993 , to December 31, 2003 . For this analysis, follow-up began with the calendar year following the year during which the white blood cell count was measured. This approach was followed because the exact dates of completion of the survey form were not recorded. Consequently, follow-up accrual began on January 1 of the calendar year following the year in which the white blood cell count was measured and the survey form was completed. Persons who completed a survey but died within the calendar year of the survey were excluded.
Outcomes
A principal outcome variable was mortality from all causes from cancer (International Classification of Diseases, Tenth Revision, codes C00-C97) and from ASCVD (International Classification of Diseases, Tenth Revision, codes I10-I15, I20, I21, I25, I44-I51, and I60-I74). Outcomes for mortality were ascertained from the causes of death listed on death certificates. A computerized search of death certificate data from the National Statistical Office in Korea was performed, using the unique identification number assigned at birth. Causes of death were assigned at the hospitals by trained abstractors. The first hospitalization for ASCVD was also considered as an outcome.
Data analysis
The white blood cell count was categorized as follows: <5.0, 5.0-5.9, 6.0-6.9, 7.0-7.9, 8.0-8.9, and 9.0 3 10 9 cells/liter. In all primary analyses, the white blood cell count category of <5.0 3 10 9 cells/liter was the referent group. Age-adjusted death rates were calculated for each category of white blood cell count level and directly standardized to the age distribution of the 1995 Korean national population. All analyses were stratified by gender and smoking status, which was described as all smokers, healthy smokers, all nonsmokers, or healthy nonsmokers. For this stratification, healthy participants were defined as those without any past history of diseases reported on the baseline questionnaire. We computed the hazard ratio (the hazard for mortality in a specific white blood cell count category divided by the corresponding hazard in the referent category (<5.0 3 10 9 cells/liter)) using Cox proportional hazards modeling (22) to adjust for age and other potential confounding factors. In the Cox model, smoking status was included as a single dummy variable for ever smokers, with three categories of amount smoked (1-9, 10-19, and 20 cigarettes per day), and alcohol use as five categories (none, 1-24, 25-49, 50-99, and 100 g per day). Effect modification by gender and smoking was assessed in a model that included white blood cell count as a continuous variable, and smoking and gender as indicator variables, along with product terms for white blood cell count with smoking and gender.
RESULTS
Because the white blood cell count was measured only for participants aged 40 or more years, the age distribution of participants included in this analysis was older than that for the Korean Cancer Prevention Study population overall and included a greater proportion of women, as the 1993 and 1995 survey participants were primarily women. The population was mostly middle-aged, with approximately three times as many women as men (table 1) . Participants aged 65 years or older comprised 39.1 percent for men and 17.8 percent for women. The population had a low body mass index on average, with 20.1 percent of men and 35.0 percent of women at 25 kg/m 2 or above, and only 0.01 percent of men and 0.03 percent of women above 30 kg/m 2 . Both smoking and alcohol use were substantially more common in men. At baseline, 53.4 percent and 26.4 percent of 113,421 men and 5.8 percent and 2.9 percent of 324,033 women were current smokers and former smokers, respectively.
Characteristics by white blood cell count are presented in table 2. The white blood cell count was positively associated with body mass index; with the prevalences of hypercholesterolemia, hypertension, and diabetes; and with alcohol consumption and smoking. The association of white blood cell count with age differed in men and women.
During 4,045,287 person-years of follow-up, there were 48,757 deaths, with 15,507 from cancer and 11,676 from ASCVD, including 2,114 from ischemic heart disease and 8,160 from stroke. Table 3 provides the hazard ratios for mortality among men by smoking and reported disease status on entry. The white blood cell count was associated with all-cause mortality only in the two highest strata, and the hazard ratios were greater in nonsmokers than in smokers. The white blood cell count was not associated with risk for death from cancer, but it was positively associated with risk for ASCVD death. There was a progressive rise in the hazard ratios for ASCVD death with increasing white blood cell count. In women, the patterns were similar, but the effect of white blood cell count was lower for ASCVD (table 4 ).
We next formally tested for effect modification of the risk of mortality associated with white blood cell count by gender and smoking, using white blood cell count as a continuous variable. For total mortality and for ASCVD, there were significant interactions of white blood cell count with gender, males having greater risk with increasing white blood cell count than females, and with smoking, nonsmokers having greater risk with increasing white blood cell count than smokers. For cancer mortality, these interactions were not significant (data not shown).
We further explored patterns of association of white blood cell count with ASCVD for the two major categories, coronary heart disease and stroke (figures 1, 2, 3, and 4). Figures 1 through 4 provide hazard ratios for death from coronary heart disease and stroke for men and women by cigarette smoking status. While the risk for death tends to rise with white blood cell count in both sexes, the gradient is much steeper in men. Among the men, the effect of white blood cell count was greater among nonsmokers than smokers.
DISCUSSION
In this large cohort study of Korean men and women, we documented that the white blood cell count predicts mortality from all causes and from ASCVD in men and women. The white blood cell count was not associated with risk for death from cancer. We found effect modification by smoking status and gender that varied across the major categories of death that we considered.
Perhaps because it is readily and accurately measured, white blood cell count has been examined by many studies as a predictor of all-cause mortality and of mortality from specific diseases. The white blood cell count has also been assessed as a predictor of outcome following disease onset, for example, after myocardial infarction (23, 24) . The white blood cell count is plausibly a predictor of mortality risk and disease prognosis, because it broadly indicates the level of host response to stressors and provides an index of acute and chronic inflammatory processes (3, 25) . The white blood cell count is highly variable, however, as it is responsive to diverse acute stimuli. Nonetheless, a single white blood cell count has been associated with a variety of long-term health risks (25) . For total mortality, the present study showed that the white blood cell count predicted all-cause mortality, an association previously observed in middle-aged populations (7, 10) and in elderly men (15) . Although the association between white blood cell count and all-cause mortality remained after excluding participants with a clinical diagnosis of major chronic diseases on entry, underlying disease on enrollment may have affected the observed association. Inflammation is currently considered to play a central role in carcinogenesis, a hypothesis that has been addressed by assessing white blood cell count as a predictor of risk for cancer. In a 1985 analysis of data from the Multiple Risk Factor Intervention Trial (MRFIT), Grimm et al. (7) found that the white blood cell count was significantly associated with risk for cancer death. In a study of Kaiser Permanente participants, Friedman and Fireman (18) found that the white blood cell count was associated with mortality from all cancers, cancers caused by smoking, and cancers not caused by smoking, but it was not associated with cancer mortality in nonsmokers. Most recently, Erlinger et al. (16) reported an association of white blood cell count with total cancer mortality using the follow-up of the participants in the Second National Health and Nutrition Examination Survey (NHANES II). By contrast, in a much larger cohort, we did not find evidence supporting an association of white blood cell count with cancer mortality in either smokers or nonsmokers.
For cardiovascular diseases, the white blood cell count has been assessed as both a predictor of risk for incident disease and a prognostic indicator following ischemic events and myocardial infarction (3). Ernst et al. (26) suggest that white blood cells may be involved in vascular injury through 1) pressure-dependent plugging of microvessels, 2) rheologic properties such as altered deformability and the formation of aggregates when provoked by a variety of stimuli, and 3) increased leukocyte adhesiveness and release of substances resulting in cytotoxic injury to endothelial cells. In a recent review, Madjid et al. (3) summarized the results of 15 studies of white blood cell count and risk for coronary heart disease in persons without disease on enrollment. In nearly all studies, the white blood cell count was associated with increased risk. A meta-analysis published in 1998 showed an overall risk ratio of 1.5 (95 percent confidence interval: 1.4, 1.6), comparing the highest with the lowest stratum of white blood cell count in participants in 19 prospective studies. The risks observed in the present study were in the range, that is, up to 2, covered in previous studies (6) .
For stroke, the white blood cell count was associated with ischemic stroke in a previous prospective cohort study of atomic bomb survivors, but potential confounding by smoking was not explored (27) . In a prospective study of US adults, Gillum et al. (10) found the white blood cell count to be weakly associated with stroke, but not after adjustment for smoking. The risk factors associated with stroke are different in younger and older subjects. In an 8-year followup study in southern Italy, the researchers suggested that the white blood cell count may have a relevant role at least in the elderly (28) . However, they did not adjust smoking status. In the present study, the white blood cell count was associated with increased risk of stroke in male nonsmokers, but there was only a weak association in women.
Smoking increases the white blood cell count by an average of about 1,000 cells per ml, and the white blood cell count increases with the amount smoked (29) . Thus, in smokers, the white blood cell count may be a useful biomarker of inflammation caused by smoking. We found, however, that the white blood cell count tended to be a stronger predictor in nonsmokers, in comparison with smokers (tables 3 and 4; figures 1, 2, 3, and 4). Our finding of strong associations among never smokers suggests that a higher white blood cell count is an independent risk factor for ASCVD, confirming findings from other studies on white blood cell count and ASCVD in nonsmokers (4, 5, 11, 15) .
The potential limitations of our study arise primarily from the use of data collected as part of an insurance plan. The questionnaires provide self-reported smoking and alcohol use information without validation, and death certificate attribution of cause of death to cancer and ASCVD is subject to misclassification (7) . While we are uncertain if these findings apply to cancer generally and to cardiovascular diseases, a pilot study on coding of lung cancer deaths showed high concordance between death certificate and clinical information (9) . While the white blood cell count can be conceptualized as a mixed marker of exposure and response, the validity of using a single white blood cell count as a biomarker is still questionable. The coefficient of variation for the measurement of total white blood cell count in the blood is low, in the 1-2 percent range with established automated methods (30) . In the present study, the correlation of white blood cell counts in 1993 and 1995 for participants having repeated measurements was 0.45. Additionally, our study cohort is not broadly representative of Koreans, as it is limited to employed persons and their families. This analysis was limited to a subgroup of the full cohort, but the selection process for having a white blood cell measurement should not have led to any bias.
Cigarette smoking produces substantial, chronic elevations in the white blood cell count (7) and is a cause of cardiovascular disease. Therefore, confounding by smoking is a concern. To address this issue, we performed analyses stratified by smoking status. The association between white blood cell count and death from cardiovascular disease strengthened when the analysis was restricted to men who had never smoked. The hazard ratio of all cardiovascular disease death, when comparing the highest versus the lowest quintile, was higher in healthy nonsmokers than in healthy smokers. In conclusion, our results indicate an association of white blood cell count with all-cause mortality and ASCVD mortality, independent of smoking.
